Coordination of the axial thiolate lengthens the Fe0O bond slightly in 2 relative to that found in the crystallographically characterized 3, but it does not affect the average Fe-N distance ( Table 1 ). The Fe-S distance found in 2 is intermediate between that of its precursor complex 1 E2.297(3) )^ (10) and that determined by EXAFS for chloroperoxidase compound II (2.37 )) (19) , but is significantly shorter than the Fe-S bonds computed for cytochrome P450 compounds I (2.6 )) and II (2.5 )) (20, 21) . The shorter Fe-S bond observed for 2 may reflect the higher effective charge of the iron center because of its uncharged equatorial N 4 ligand set. Complex 2 has Fe0O and Fe-S bond lengths that closely match those of a putative P450 intermediate produced by cryophotoreduction of oxyP450 crystals, as deduced from its 1.9 )-resolution crystal structure (5) .
To gain further insight into the electronic structure of 2, we performed density functional theory (DFT) calculations (22) . In the lowest-energy calculated structure ( Fig. 4 and Table 1 ), the lengthening of the Fe0O bond to 1.68 ), relative to that in 3, is in excellent agreement with the EXAFS analysis. The p-basic thiolate ligand donates electron density to the iron(IV) center and competes with the oxo group for the metal d p orbitals, thereby weakening the Fe0O bond. In contrast, the p-acidic MeCN ligand in 3 has a backbonding interaction with the iron(IV) center that strengthens the Fe0O bond. The very large zero-field splitting (ZFS) of 2 results predominantly from spin-orbit mixing between the S 0 1 ground state and a very low-lying S 0 2 manifold (22) at lower energy (,2000 cm j1 ) than in 3 (, 3000 cm j1 ), facilitating a stronger interaction.
The introduction of the thiolate ligand not only affects the electronic properties of the oxoiron(IV) unit but also has a dramatic effect on its reactivity. At -40-C, both 2 and 3 have extended lifetimes of days for 2 in MeOH and weeks for 3 in MeCN (11) . Complex 3 reacts readily with PPh 3 by oxo-atom transfer to form OPPh 3 and regenerate its iron(II) precursor (11) , but it is inert toward dihydroanthracene, a hydrocarbon that typically undergoes facile hydrogen-atom abstraction. In contrast, 2 does not react at all with PPh 3 but reacts with even one equivalent of dihydroanthracene in under an hour. For the latter reaction, 2 undergoes a one-electron reduction to a red species (maximum wavelength l max 0 514 nm; molar absorptivity e 0 1400 M j1 cm j1 ) ( fig. S2 ) that exhibits a prominent electrospray ionization mass spectroscopy (ESI-MS) ion at m/z 0 388.1944, corresponding to EFe(TMCS)(OMe)^þ. We postulate that 2 decays by abstracting a hydrogen atom from dihydroanthracene to form EFe III (TMCS)(OH)^þ, which readily converts to EFe III (TMCS)(OMe)^þ in MeOH.
Thus, the introduction of the axial thiolate converts the Fe IV 0O unit from being an oxoatom transfer agent (two-electron oxidant) into a hydrogen-atom abstraction agent (one-electron oxidant). This switching effect of the axial thiolate on the reactivity of the oxoiron(IV) unit is much more dramatic than was previously reported for other axial ligand substitutions on the EFe IV (O)(TMC)^frame-work (23, 24) , as well as for those associated with oxoiron(IV) porphyrin cation radical complexes (25) . Understanding this switch will require further experimental and computational work. However the unusual effect of the thiolate ligand may provide a compelling rationale for nature_s use of the O 0 Fe IV -SR motif in key metabolic transformations that involve the activation of strong C-H bonds. Electrochemical polymerization of two different kinds of thiophene monomers on an iodine-covered gold surface created highly assembled conjugated copolymers with different electronic structures. A scanning tunneling microscope revealed images of several linkage types: diblock, triblock, and multiblock. The single strand of conjugated copolymers exhibited an anomalous swinging motion on the surface. This technique presents the possibility of understanding the copolymerization process from the different monomers on the single-molecular scale and of building single-molecule superlattices on a surface through controlled electropolymerization.
Conjugated copolymers (1, 2), which combine different kinds of molecules with p-electron networks, have useful conductivity properties that can be exploited in devices such as field effect transistors (3). However, the limited solubility of these materials has obscured details of the polymerization process. For example, does polymerization proceed in blocks or is it random? Visualization of conjugated copolymers on the singlemolecular scale can address these questions.
Manipulated reactions (induced by a scanning probe microscope tip) on surfaces have been demonstrated, such as one-dimensional chain polymerization of diacetylene into polydiacetylene (4), the coupling reaction of iodobenzene into the biphenyl (5), K atom doping into C 60 molecules (6) , and the connection of two different dendronized polymers by ultraviolet light irradiation (7) . Applications of the electrochemical technique to solutions containing different kinds of monomers or mixed solutions provide a new approach for the production of single-molecule heterowires on surfaces.
Heterojunctions of synthetic conjugated copolymers (8) and synthetic conjugated oligomers (9, 10) have been imaged, but clear visualization of the connection of different single-molecule wires is difficult unless the polymers are highly ordered on the surfaces. Here, we used electrochemical epitaxial polymerization (ECEP) to synthesize conjugated copolymers on surfaces so that polymerization could be imaged on the single-molecular scale.
Conjugated polymers can be assembled on a metal surface by means of ECEP with control of the molecule_s length, density, and propagation direction (11) . In this technique, voltage pulses are applied to monomers in an electrolyte solution on an iodine-covered gold substrate EI-Au(111)^ (12) . Two steps are crucial: (i) nucleus formation, in which the oligomers produced in solution adsorb on the I-Au(111), and (ii) stepwise polymerization such that the monomer_s cation radicals react with the nucleus to form wires that propagate along the surface_s iodine-atom lattice. The iodine-covered surface acts as an adhesive that binds the polythiophene wires. Two kinds of polythiophenes were used as components for creating heterowires and were characterized independently with scanning tunneling microscopy (STM) (12) . All STM images were taken at a tip bias of -0.2 V with a constant current of 5 pA. Two kinds of thiophene monomers were used as building blocks to create heterowires ( Fig. 1 , B and E): 3-octyloxy-4-methylthiophene (C8OMT) (13) and 3-octyl-4-methylthiophene (C8MT) (14) . Cyclic voltammogram (12) shows that the oxygen atom that is directly bonded to the thiophene moiety in C8OMT affords a lower oxidation potential by 0.4 V relative to C8MT ( fig. S1 ).
Application of the ECEP technique at a given condition to the C8OMT monomer (Fig. 1A ) produced linear polythiophene arrays on the I-Au(111) with a maximum length of 100 nm and a height of 3.0 to 3.5 ), as measured with STM ( Fig. 1, B to D) . The C8MT-polymer wires were also produced at different ECEP conditions with a maximum length of 50 nm and a height of 1.5 to 2.0 ) (Fig. 1, E to G) . In marked contrast to the C8OMT-polymer wires, the C8MT-polymer wires appeared in STM images as a connection of tiny dots, which were spaced at 11.5 ) (Fig. 1 , E to G). We observed that isolated single polymers of C8OMT and C8MT in the low density region and those with lengths shorter than 10 nm (11) moved easily on I-Au(111) surface. The dots observed at C8MT polymers were not disconnected, even though the polymers moved on the surface. These results strongly suggest that the dot structure is due not to the self-assembled C8MT monomers or its oligomers but to the single-polymer strand. Because of the asymmetric reactivity of the monomer, 3-alkoxy-4-methylthiophenes such as C8OMT are reported to provide the regioregular head-to-tail polythiophenes (13, 15) . The same reason might be applicable to the C8MT because of the asymmetrical chemical structure.
These results suggest that the electronic structures of the two kinds of polythiophene differ greatly. The optical absorption spectrum of the chemically synthesized polymers of C8MT in solution showed a highest occupied molecular orbital (HOMO)-lowest unoccupied molecular orbital (LUMO) gap of 3.76 eV, whereas that of C8OMT showed a gap of 2.94 eV ( fig. S2 ). These data are in a good agreement with the reported spectrum of each polymer (13, 14, 16) . Such a large HOMO-LUMO gap of C8MT polymer has been ascribed to thiophene-ring torsion (17) (18) (19) in the main polymer chain, resulting in Bshort conjugation[ of p electrons.
Thiophene ring torsion is the most probable reason that features in the STM image of C8MT-polymer wires appear in the shape of connected dots with nodes ( Fig. 1, E and F) . The 11.5 ) spacing of dots (Fig. 1G) observed from the STM image of C8MT-polymer wires agrees well with the threefold 3.8 ) spacing (11, (20) (21) (22) of interthiophene units in polythiophenes (Fig. 1, F and G) . Two-dimensional Fast Fourier Transform (FFT) of Fig. 1F represents the line patterns perpendicular to the direction of polymer chain, which provide an accurate periodicity of dots (inset of Fig. 1H ). The FFT cross-sectional peak at 0.85 nm j1 shows the periodicity to be 11.73 ) (Fig. 1H) . This value suggests that torsion might have a periodicity of three thiophene units (Fig. 1I) . It has been reported that the STM height is affected by a barrier height and a transconductance of molecules (23, 24) . Observed STM images reflect the electronic structure of the polymer coupled with the geometry. The bright dots in the chains that were visible in STM images probably correspond to the electronic orbitals on planar thiophene rings with high conjugation of p electrons, whereas the nodes (dark regions) should appear as those on distorted thiophene-rings with low conjugation (Fig. 1I) . Although the alkyl chains of polymers cannot be imaged because of the high barrier height of C-C bonds, the conjugated chain-to-chain distances of 1.66 nm on average (Fig. 1F) suggest that the alkyl chains of C8MT polymer might interdigitate with the adjacent polymer_s alkyl chains. Thus, the torsion model can explain the structures shaped as connected dots in STM images of C8MT-polymer wires.
It has been reported that the distortion of the thiophene ring in quarterthiophene is affected by the medium (crystal or solvent) as well as the intrinsic properties of molecules (25) . Therefore, we studied the substrate effect to explain why the periodicity of the dot-shaped structure is highly regular. The structure of C8MT polymers fabricated on Au(111) was compared with that on I-Au(111). An STM image of C8MT polymers on Au(111) showed randomly oriented wires with no apparent periodic dot-shaped structure ( fig. S3A ). The C8OMT polymers on Au(111), as a reference, represent a rodlike structure similar to that on I-Au(111) (fig. S3B) . Thus, these results suggest that the highly regular periodic structure of C8MT polymers might be influenced on the surface. The interaction between the C8MT polymer and the iodine atoms plays a crucial role in forming the periodic structure.
We propose a multistep ECEP technique (12) to create single-molecule heterowires (Fig. 2A) . This technique comprises two electropolymerization processes in a different monomer solution. In the first process, the voltage pulses to oxidize the monomer were applied to the I-Au(111) in the electrolyte solution containing the C8MT mono- mer. This process produces the C8MT-polymer wires on the substrate. The substrate is then transferred to an electrolyte solution containing C8OMT, and a second process of voltage application oxidizes both the C8OMT in solution and the C8MT polymer on the substrate. The second process might create heterowires in which the C8MT polymers on the substrate link with propagating C8OMT polymers. The STM images for the sample obtained by multistep ECEP depict two independently grown wires in some regions (Fig. 2B) . From differences in their shape and height, the observed wires are easily classifiable into two types of polymer blocks. However, other regions showed heterowires with a C8OMT polymer and a C8MT polymer joined together at the ends of respective chains (Fig. 2C) .
Sequential STM images show that the heterojunction is created by chemical bonding between the C8OMT-polymer and C8MT-polymer wires. Dynamic STM images taken every 2 min (Fig. 2 , D to I) revealed that the C8MT-polymer part swings from the point at heterojunction (circles shown in Fig. 2, D to I) , whereas the C8OMT-polymer part is tightly fixed on the surface. If the two wires are not covalently bonded but merely contacted, the C8MT-polymer wire would separate from the C8OMT polymer at the heterojunction. However, the two wires never separated at the heterojunction. These results indicate the evidence of a covalent bond at the heterojunction. Increasing the imaging tunneling current from 5 to 10 pA did not affect the swinging motion of heterowires. Therefore, the swinging motion might not be caused by the tip manipulation but by the thermal-activated polymer diffusion on the surface.
There might be two reasons for the polymer diffusion on the surface. One reason is the binding force of the different polymers with the surface: The C8OMT-polymer wires bind to the I-Au(111) more strongly than do the C8MT wires. Periodic torsion of thiophene rings of C8MT polymer might reduce the interaction with I-Au(111), whereas the coplanar thiophene rings of C8OMT polymers tightly interact with I-Au(111). The second reason is a surrounding effect: the interchain interaction with neighbor polymers. The C8MT-polymer part of heterowire (Fig. 2, D to I ) is almost isolated from the C8OMT-polymer array because of its bending chain. This situation makes the C8MT-polymer part move easily on the surface because it has no interaction with the C8OMT-polymer array. Once the C8MT-polymer chains on surface have aligned parallel to the adjacent chains of C8OMT or C8MT polymers, these had a tendency to stabilize (some wires in Fig. 2, B and  C) . Interaction between the alkyl chain of the polymer and the interdigitated one plays an important role in the stability of the polymer on the surface (11) . Different binding forces of two polymers might originate from an interaction between the polymer wires and the I-Au(111).
In some cases, we observed not only diblock wires but also triblock wires (Fig. 3, A to C) . These STM images show a triblock structure in which a C8MT-polymer wire is sandwiched between two C8OMT wires. These images also represent the motion of the C8MT-polymer part linked with the short C8OMT polymer, for which the long C8OMT-polymer part adsorbs strongly on the surface. The short length of the isolated wire might be the reason for the motion of the C8MT-polymer part linked with the short C8OMT polymer. When ECEP was used with a mixed solution containing C8OMT and C8MT (Fig. 3D) , multiblock heterowires were still produced rather than random copolymers (Fig.  3E) . Although the multiblock structures were sometimes visible by a multistep ECEP (Fig.  2C shows some junctions) , the mixed-solution method produced these structures efficiently, because such structures frequently appeared in many different locations. These results indicate that the polymerization process of conjugated copolymer in the mixed solution is not random but block polymerization, and that monomers react preferentially with each other rather than with different monomers.
The electronic structure of heterowires was investigated with scanning tunneling spectroscopy (STS) (12) . The current-voltage (IV) curves of heterowires from an initial tunneling current of 10 pA are depicted in Fig. 4A . The C8MT-polymer parts of heterowires show a larger HOMO-LUMO gap than those at C8OMT-polymer parts. Observed STS data show almost symmetrical IV curves in the present bias range. Reported STS of oligothiophene also shows symmetrical IV curves (26) . Typical IV curves of C8MT and C8OMT polymers (Fig. 4, B and C, respectively) show that changing the initial tunneling current regulates the tip-sample distance. The differential conductance (dI/dV) of Fig. 4B (C8MT polymer) from the initial tunneling current of 10 pA and that of Fig. 4C (C8OMT polymer) from 50 pA are plotted in Fig. 4D . Although the current in the IV curves sometimes fluctuated because of the measurement conditions, the shapes of curve were reproducible. The IV curves of C8MT polymers (Fig. 4B ) and C8OMT polymers (Fig. 4C) were the same as those for the C8MT-polymer blocks and the C8OMT-polymer blocks of the heterowires, respectively. Thus, the electronic properties of the heterowires of each polymer are the same as those of the wires of each homopolymer. The HOMO-LUMO gap of the C8MT polymer is determined to be nearly 1 eV from Fig.  4 , B and D. The IV curves of the C8OMT polymer (Fig. 4C) are the same as those of I-Au(111) (fig. S4) . Thus, the observed HOMO-LUMO gaps of the C8MT polymer as well as the C8OMT polymer on I-Au(111) are substantially lower than those in the solution. There are two possible reasons for these results. Mixing of density of states (DOS) of the substrate surface (27) with DOS of polymers could occur, or there could be charge transfer (28) based on the interaction between the polymers and the I-Au(111). These electronic interactions between the polymers and the surface might reduce the HOMO-LUMO gaps compared with those in solution.
The primary event that initiates vision is the light-induced 11-cis to all-trans isomerization of retinal in the visual pigment rhodopsin. Despite decades of study with the traditional tools of chemical reaction dynamics, both the timing and nature of the atomic motions that lead to photoproduct production remain unknown. We used femtosecond-stimulated Raman spectroscopy to obtain time-resolved vibrational spectra of the molecular structures formed along the reaction coordinate. The spectral evolution of the vibrational features from 200 femtoseconds to 1 picosecond after photon absorption reveals the temporal sequencing of the geometric changes in the retinal backbone that activate this receptor.
Understanding the mechanism of a chemical reaction requires measuring the structure of the reactant as it evolves into product. Many of the most intriguing and efficient photochemical and photobiological reactions take place on ultrafast time scales and their kinetics have been well characterized by femtosecond absorption and fluorescence spectroscopies (1) (2) (3) (4) (5) . Although x-ray diffraction is being developed for timeresolved structural studies of reactions, this approach is challenging to apply in the condensed phase and currently limited to processes slower than È100 ps (6). Ultrafast vibrational spectroscopy is advantageous in this quest because it offers both excellent temporal and structural information (7) . The traditional picosecond timeresolution limitation (8) is being transcended through the use of femtosecond pulses in the infrared (IR) in multidimensional as well as direct time-resolved experiments of ultrafast chemical and biological processes (9) (10) (11) . The complementary Raman vibrational techniques have also advanced with the recent development of stimulated Raman in the femtosecond time domain (12, 13) , which is valuable because of its ability to interrogate biological processes in aqueous media. Here, we demonstrate the capabilities of femtosecond-stimulated Raman spectroscopy (FSRS) in studies of reaction dynamics by elucidating the molecular mechanism of the primary photochemical events in vision.
In FSRS, two laser pulses drive the Raman transition: a picosecond BRaman pulse[ and a femtosecond broadband continuum Bprobe pulse[ that stimulates the scattering of any vibrational modes with frequencies between 600 and 2000 cm j1 . The use of the additional probe pulse to induce the Raman scattering offers a number of notable improvements over traditional timeresolved spontaneous Raman spectroscopy (14) , such as greatly enhanced cross sections and an order-of-magnitude improvement in time resolution (G100 fs) while maintaining excellent energy resolution (G15 cm j1 ) (15, 16) . The impulsive creation of vibrational coherence by the Raman and probe pulses reveals highly time-resolved vibrational structural information that is not accessible by incoherent processes such as spontaneous Raman.
The primary step in vision is the photochemical cis-trans isomerization of the 11-cis retinal chromophore in rhodopsin (Fig. 1A) . Production of the primary ground-state transient called photorhodopsin is one of the fastest photochemical reactions in nature and is complete in only 200 fs (17) . As a consequence, the reaction is extremely efficient, with a quantum yield of 0.65, and about 60% of the incident photon energy is stored in the first thermodynamically stable all-trans retinal photoproduct called bathorhodopsin. This stored energy is then used to drive activating conformational changes in the G protein-coupled receptor that eventually lead to visual sensation. Although a number of theoretical models have been proposed (18) (19) (20) to explain rhodopsin_s unique reactive properties, which are responsible for making it an excellent light receptor, many of the most critical questions about its photochemistry remain unanswered. For instance, the coordinates mediating fast excited-state decay, the role of the electronic excited state in the isomerization, the structure of retinal in photorhodopsin, and the nature of the reaction coordinate leading to bathorhodopsin are undefined.
We address these questions by acquiring femtosecond time-resolved vibrational spectra of retinal in rhodopsin throughout the reaction. Modeling of the vibrational structural features after rapid internal conversion to the ground state reveals the highly distorted structure of photorhodopsin. Surprisingly, a large fraction of the atomic rearrangement leading to the formation of fully isomerized bathorhodopsin is shown to occur in the ground electronic state. Vivid details of this Department of Chemistry, University of California, Berkeley, CA 94720, USA. *Present address: Department of Chemistry, Northwestern University, Evanston, IL 60208, USA. .To whom correspondence should be addressed. E-mail: rich@zinc.cchem.berkeley.edu
